Abstract The majority of cancer mortality is attributed to metastasis, which is the spread of tumor cells to a secondary site. Several studies have demonstrated that the genetic background on which a tumor arises has a major effect on both metastatic efficiency and on predictive gene expression profiles. These observations suggest that there is variability in metastasis frequency between individuals and that some individuals could be more prone to secondary tumor formation and development than others. Thus, genetic background might have important clinical implications in metastasis detection, management and prevention.
Introduction
The advent of genome wide transcription analysis has ushered in a new era in our understanding of the molecular pathology of breast cancer. Using probes immobilized on a variety of solid surfaces, investigators can now interrogate much of the genome and use the transcriptional patterns to define and categorize individual tumors. As a result, a greater understanding of the complexity and heterogeneity of the disease is rapidly emerging. ''Molecular portraits'', based on gene expression profiling [1] , have been identified that define breast cancer by molecular pathology, and most likely cell type of origin. Further analysis demonstrated that the molecular subclasses differed in their outcomes [2] and response to therapy in some [3] but not all analyses [4] . These ''molecular portraits'' have been validated across different gene expression microarray platforms by different investigators [5, 6] strongly supporting the inherent biological basis of these observations. Interestingly, although the same disease subclassifications were obtained by the various analyses, the gene expression profiles displayed little overlap [7] . A likely explanation of this observation is that the number of genes correlated with outcome is large and differences in patient populations and gene selection and filtering result in different sampling from the large core group of predictive genes [8] .
Since the initial description of the ''molecular portraits'' in breast cancer, gene expression analysis has been avidly pursued to both refine our understanding of molecular subtypes of the disease as well as to predict patient outcome. Investigators have refined the molecular subclasses of the primary tumors by addition of a gene expression signature of wound healing [9, 10] to the initial classification to gain better discrimination of those tumors that are likely to progress. In addition, standard grading systems have been re-evaluated by the addition of molecular phenotyping to better define and refine clinical staging [11] . A significant effort has also been applied to use molecular profiling to identify patients at risk for metastatic progression. Beginning with a landmark paper in 2002 that described a 70 gene signature predictive of breast cancer metastasis [12] , a number of studies have validated the original findings [13, 14] or replicated them in different patient populations and clinical settings [15] [16] [17] [18] . The molecular phenotyping of tumors has been demonstrated to out perform current clinical parameters for predicting disease outcome [12, 14] , and thus provides an important tool for achieving the ultimate goal of individualized therapy. Gene expression technologies are currently under development for prognostic use in the clinical setting [19, 20] .
The current debate on mechanisms of metastasis The findings described above have re-ignited a debate in the literature regarding the mechanistic origins of metastasis. The prevailing model of metastasis has been the progression model, originally proposed by Nowell [21] . This model suggests that the ability to metastasize was an acquired characteristic of tumor cells, generated by the sequential accumulation of somatic alterations as a tumor evolves. A prediction of the sequential evolution in the tumor was that only a subset of the tumor cells in the primary tumor mass would acquire all of the requisite mutational events required to activate the complete metastatic cascade, and the low probability of this occurring might therefore explain the high inefficiency of the metastatic process.
The recent microarray analysis, however, appears superficially incompatible with the progression model. The gene expression analysis has been primarily performed using bulk tumor tissue; thus the resulting gene expression profiles represent the average profile of the entire tumor. If only a subset of the primary tumor had acquired the necessary somatic alterations to progress to disseminated disease, it is unlikely that the metastatic signal would be readily discernable from the gene expression profile of the bulk, non-metastatic tissue. This has led a number of investigators to resurrect or paraphrase a theory originally proposed by Leonard Weiss [22] , which suggested that the bulk of the primary tumor had the capacity to metastasize, but due to positional and/or random epigenetic events only a small fraction are capable of completing the process at a given moment in time. The major metastatic driving force of these ''hard wired'' tumors is thought to be the specific collections of oncogenic mutations that induce tumorigenesis [20, 23, 24] . Thus, in spite of the significant amount of tumor heterogeneity present in the tumor, on average the bulk of the tumor would be expected to display a metastatic or non-metastatic molecular profile, depending on the particular collection of causative oncogenic events.
Evidence exists to support both models. For the progression model, the existence of the metastasis suppressor genes, genes needed for regulation of growth at the secondary site but that have no effect on primary tumor kinetics, makes a strong argument for need for mutational events during metastatic progression [25] . In addition, specific gene expression patterns that mediate organ tropism have been identified in subclones of breast cancer cell lines [26, 27] demonstrating that specific molecular programs can be activated by somatic and/or epigenetic mechanisms within a subpopulation of tumor cells. For the metastatic predestination model, the phenomenon of the unknown primary cancer suggests that oncogenic mutations can directly drive tumor cells into the metastatic state. These patients, estimated at approximately 5% of cases, present with disseminated disease but have no clinically detectable primary tumor or only a small well differentiated lesion found at autopsy [28] . The lack of large primary tumor mass would militate against the necessary sequence of events predicted by the stochastically driven progression model due to lack of sufficient target tissue and presumably time to progression. Furthermore, the predestination model makes a specific prediction about the transcriptional profiles of the primary and secondary tumors. If the metastatic capacity and the associated predictive gene expression profile were due to sequential mutational events, one would not necessarily expect that the primary tumor and its associated metastasis to have similar profiles, since the disseminated tumor would be derived entirely from a cell population that was under represented in the primary tumor. In contrast, if the same mutational events that induce the tumor also induce metastatic capacity and drive the characteristic gene expression profiles, all cells in the primary and secondary tumor would carry the same causative events. Thus it would be expected that the primary and secondary tumors would closely resemble each other transcriptionally, as has been observed [29, 30] .
Genetic background plays a major role in metastasis
Several important questions, however, currently remain unanswered. The first question is what determines metastatic potential? Is it driven primarily by somatic mutations, epigenetic events, inherited predisposition, or a combination of all three? Evidence for the first has accumulated over the past thirty or so years, and includes identification of metastasis-specific loss of heterozygosity (ex. [20, 31] ) and the existence of numerous metastasis suppressor genes [32] . Epigenetic silencing has also been shown to play an important role in metastatic progression, either by silencing metastasis suppressor genes [33] , or modulating transient metastatic capacity [34] by transient regulation of pro-and anti-metastatic gene expression profiles (see Fig. 1 ).
The second question is what are the underlying elements that drive the metastasis predictive gene signature profiles? The answer to this question is critical to our understanding of the mechanisms of metastasis, and also in our opinion has profound implications for the clinical application of these gene expression profiles for patient prognosis. If the metastasis predictive gene expression profiles are in fact due to the same mutations that induce tumorigenesis, as has been proposed [23, 35] , then clinical prognostic tests would have to be performed using tumor tissue obtained by biopsy and/or surgical resection. This would likely require changes in clinical practice, since greater care would be required to safe guard the quality of the tissue sample to ensure adequate RNA quality and quantity for microarray analysis.
One factor that might contribute to the answer of both of these questions is the frequently under appreciated effects of genetic background. Constitutional polymorphism is responsible for much of the phenotypic variation we observe in human populations on a day-to-day basis. These polymorphisms impacts not only physiological appearance such as height, hair and skin color, eye color etc., but also can have significant impact on high penetrance Mendelian disease mutations like BRCA1 (ex. [36, 37] ). Experimental evidence in mouse models has demonstrated that almost any disease state, behavior or physiological measurement tested to date has a detectable inherited component, mediated by segregating polymorphisms [38] [39] [40] . The effect of polymorphism can be observed not only at the physiological level, but at the molecular level as well. A number of studies have demonstrated that steady state mRNA levels in tissues can be significantly impacted by polymorphisms present on other chromosomes [41] [42] [43] [44] , demonstrating that gene transcription is controlled not only by syntenic promoter and enhancer elements, but by a complex interwoven web of polymorphic cis-and trans-factors.
Inherited polymorphism and metastatic susceptibility
Recently, our laboratory has demonstrated that this inherited polymorphism, or genetic background, plays a significant role in determining the probability that a given tumor will progress to metastatic disease. These latest findings are based on a series of genetic mapping experiments using a highly metastatic mouse model of mammary cancer. This model, the polyoma middle-T mouse (PyMT), expresses the mouse polyoma virus middle-T antigen in the mammary epithelium of FVB/N inbred mice [45] from an early age [46] , resulting in synchronously arising highly aggressive mammary tumor that metastasizes with high frequency to the lung [45] . When the PyMT mouse is bred to different inbred strains, however, significant variation in tumor characteristics are observed in the F1 progeny, including tumor latency, growth kinetics and metastatic capacity [47] . Subsequent genetic mapping experiments demonstrated that significant inherited genetic factors could be identified associated with each of these tumor characteristics [46, 48, 49] , indicating that inherited polymorphism played a significant role in each of these tumor characteristics, including the propensity to metastasize.
Subsequent analysis further strengthened the evidence for the role of constitutional polymorphism in metastatic progression. Genetic and haplotype mapping were used to refine the potential candidate gene list for one of the metastasis susceptibility loci [49, 50] . Sequence analysis identified an amino acid polymorphism in a PDZ proteinprotein interacting domain of the Rap1GAP molecule Sipa1. Biochemical analysis revealed that the missense polymorphism present in low metastatic genotypes reduced the GTPase activity of Sipa1, as well as altering the ability of the protein to bind to a known interacting protein, Aqp2. Modeling the effect of the polymorphism in a highly metastatic mammary tumor cell line demonstrated that relatively subtle variations in protein level (two to four fold) had significant effects on the capacity of the cell line to form macroscopic lesion in the lung after subcutaneous implantation, independent of the effects on primary tumor kinetics [51] . These results were consistent with the hypothesis that polymorphism in the human population might have significant effects on the ability of breast cancer to metastasize. To more directly address this question, pilot epidemiological analysis was performed to determine whether variants in the human ortholog SIPA1 were associated with metastasis and other clinical indications of poor prognosis. As predicted by the mouse model, significant associations were in fact observed, for the presence of tumor cells in regional lymph nodes, as well as estrogen and progesterone receptor status [52] . Thus, in addition to somatic mutations and epigenetic modification, constitutional polymorphism needs to be counted in our models for metastatic progression.
Inherited polymorphism and gene expression profiles
Evidence that the metastasis predictive gene signature might also have a significant inherited component was again derived from our mouse experiments. Extracellular matrix genes have frequently been implicated in metastasis predictive gene signature profiles in multiple independent studies [12, 17, 18, 53, 54] suggesting an important association of these genes with breast cancer progression. Examination of the gene expression pattern from tumors of high-or low-metastatic genotype, or tumors whose metastatic potential was suppressed pharmacologically by chronic exposure to caffeine [18] , revealed differential expression of a number of extracellular matrix genes. Since the tumors in these mouse experiments were all induced by the same genetic event, namely activation of the PyMT transgene, these results suggested that the differential expression of these genes might be due primarily to inherited polymorphism rather than somatically acquired oncogenic mutations.
This hypothesis makes an important prediction. If the prognostic gene expression patterns were significantly determined by inherited polymorphisms rather than somatic mutation, then one would expect to see differential expression of these prognostic genes in normal tissue before tumor induction. Consistent with this hypothesis, quantitative RT-PCR analysis comparing normal mammary tissue from mice of two poorly metastatic genotypes versus the original highly metastatic FVB/NJ mouse demonstrated that the majority of genes from one of the metastasis-predictive gene signatures were differentially regulated between the two classes of animals [55] . It follows logically that if constitutional polymorphism is a major factor in metastatic susceptibility it should be possible to derive a prognostic signature from any tissue, rather than just tumor tissue. Using a proteomics approach to measure inheritance of salivary protein polymorphism, we demonstrated that, in the mouse at least, it was in fact possible to predict those animals destined to develop pulmonary metastasis [55] , with approximately the same efficiency as was observed in the original human array experiments [12, 18] .
Implications for understanding metastasis

Mechanism
In our estimation, these results suggest that the breast cancer microarray gene expression signatures may yield profound mechanistic insights, in addition to their already significant potential impact on clinical prognostic testing. These signatures may not be measuring only somatically induced malignant changes, but may also be measuring an underlying predisposition to metastatic disease that may be segregating within the human population. Furthermore, they have sparked a re-examination of the models of the metastatic cascade, and at least in our minds, forced the inclusion of additional variables. We are of the opinion that most of the conflicting models of metastasis can be resolved by the addition of genetic background, a factor frequently under appreciated in many of our cancer models. In this hypothesis, the probability of metastatic progression and the identity of a significant fraction of the predictive gene expression profile are established by inherited factors. As a result, the basic expression profile is present throughout the subsequently induced tumor and would be observed in spite of significant tumor heterogeneity. Somatic mutations and/or epigenetic changes that contribute to both tumor progression and the prognostic signatures would still contribute to progression, and would be superimposed on the genetic background effects. Oncogenic mutations on a highly susceptible genetic background might lead to cases of unknown primary cancers, while those on low susceptible genotypes would probably result in localized tumors (Fig. 2) .
The role of polymorphism in determining expression levels of many genes would also help explain another observation, namely the high relatedness of primary and secondary tumor expression patterns. The hardwired theory of metastatic progression predicts that primary and metastatic tumors should be more related to each other than metastatic tumors from different patients since the matched tumors share identical or nearly identical mutation events [30] . The underlying assumption here is that the somatic mutations dominate the expression profiles. This result, however, can also be explained by inheritance of constitutional polymorphisms that regulate basal transcription rates. One would expect that the progeny of a primary tumor to look more like the tumor it arose from than metastases from other patients for the same reason that school children look more like their parents than their peers; they share a common inheritance. The differences between matched primary and secondary tumors are likely to number in the dozens to possibly hundreds due to somatic instability. The differences between tumors from individuals will not only include the different somatic variations, but also include the tens-to hundreds of thousands of difference of germline polymorphisms. As a result, it would be anticipated that tumors from an individual would look more alike than between individuals, with the possible exception of monozygotic twins.
Clinical implications
There are two major implications of metastasis predictive signatures derived from germline polymorphims. First, since the polymorphisms affecting gene transcription are present throughout the body it should be theoretically possible to develop a prognostic signature from blood or some other more readily available sample than tumor tissue. Second, if the underlying polymorphisms that drive the differential gene expression can be identified, it may be possible to use DNA genotype technologies to classify patients. This may result in a cheaper, more robust clinical test due to the inherent greater stability of DNA compared to RNA, depending on the numbers of polymorphisms need to replicate the predictive power of the current microarray technologies. It is important to note, however, that these alternative strategies would not capture any portion of the predictive gene signatures that are induced by somatic mutation within the tumor epithelium. At the present time however, it is unclear how much of the predictive power of these expression signatures are due to germline polymorphism or somatic mutation. Additional studies will need to be performed to address these questions, as well as to further investigate the molecular bases of these signatures and additional clinical uses. The potential to inform both mechanistic studies and clinical practice however, make further investigation of the inherited components of metastasis susceptibility an exciting new avenue of research for the coming years.
